Ϫ/Ϫ vs. WT mice. Analysis of serum indicated that obesity resulted in systemic as well as pulmonary inflammation, but TNFR1 deficiency had little effect on this systemic inflammation. Our results indicate that TNFR1 is protective against the airway hyperresponsiveness associated with obesity and suggest that effects on pulmonary inflammation may be contributing to this protection. bronchoalveolar lavage; airway responsiveness; TNF-␣; inflammation; IL-17A OBESITY IS EMERGING AS AN important risk factor for asthma. Epidemiological data indicate increases in the prevalence and incidence of asthma in obese and overweight individuals. Obesity impairs the efficacy of controller medications and may even increase asthma severity (see reviews in Refs. 6, 20, 46, 66) . In obese non-atopic asthmatics, weight loss improves airway hyperresponsiveness (AHR), a characteristic feature of asthma (19) . Animal models also support a relationship between obesity and asthma: regardless of how they become obese, obese mice exhibit AHR (28 -31, 48, 68, 71, 84) .
The mechanistic basis for the relationship between obesity and asthma has not yet been established, but obesity-related systemic inflammation may contribute. In both obese humans and obese mice, even in the absence of any overt inflammatory insult, there is chronic, low-grade, systemic inflammation characterized by increased circulating leukocytes and increased serum concentrations of soluble cytokine receptors, chemokines, acute phase proteins, as well as certain cytokines (65, 75) . The source of many of these inflammatory moieties appears to be the adipose tissue itself, which becomes infiltrated with activated macrophages in the obese (83) , although intestinal inflammation secondary to obesity-related alterations in commensal bacteria may also play a role (18) . The systemic inflammation of obesity is likely to be functionally important, since serum concentrations of inflammatory markers correlate with the presence of obesity-related conditions such as Type 2 diabetes and atherosclerosis (4, 60, 72, 82) . The observation that the onset of systemic inflammation corresponds temporally with the onset of AHR in obese Cpe fat mice (30) suggests that this inflammation may also be important for asthma.
Of the various inflammatory moieties that are increased in the blood of obese individuals, augmented tumor necrosis factor (TNF)-␣ (35, 52, 84, 88) may be particularly important for asthma. TNF-␣ can induce AHR when administered exogenously, both in humans (73) and in other species (37) . Attenuating endogenous TNF-␣ signaling also improves AHR in some animal models of asthma (12, 13, 33, 36, 51, 53, 54, 69) , although protective roles for TNF-␣ or its receptors have also been observed (32, 63) . In addition, risk estimates for asthma as a function of body mass index (BMI) are higher in subjects with the G/A or A/A TNF-␣-308 polymorphisms that lead to higher TNF-␣ expression in G/G subjects, especially among those with nonatopic asthma (9) . Finally, serum concentrations of TNF receptor (sTNFR) 1 are inversely related to lung function in subjects with obesity (43) .
TNF-␣ mediates its effects by binding to either of two receptors, TNFR1 and TNFR2, that differ in several respects (21, 38, 50, 55, 64, 81) . For example, TNFR1 has a greater ability than TNFR2 to induce inflammation, whereas TNFR2 has greater pro-angiogenic effects. TNFR1 has a death domain that promotes apoptosis, whereas TNFR2 does not. TNFR2 interacts mainly with membrane-associated but not -soluble TNF␣, whereas TNFR1 interacts with both forms of TNF-␣. We have previously reported that signaling via TNFR2 contributes to obesity-related AHR (84) . The purpose of this study was to examine the role of TNFR1 in these events. To do so, we generated obese Cpe fat mice that are also genetically deficient in the TNFR1 receptor (Cpe fat /TNFR1 Ϫ/Ϫ mice). Cpe fat mice are genetically deficient in carboxypeptidase E (Cpe), an enzyme involved in processing prohormones and proneuropeptides that are important for appetite regulation and energy expenditure (15, 44) . Absence of Cpe leads to obesity (29, 30) . Airway responsiveness to intravenous methacholine was assessed in otherwise unchallenged Cpe fat /TNFR1 Ϫ/Ϫ mice along with wild-type (WT), Cpe fat , and TNFR1 Ϫ/Ϫ mice. Bronchoalveolar lavage (BAL) was performed, and serum was obtained to assess the role of TNFR1 in the systemic inflammation of obesity and to determine whether there were TNFR1-dependent inflammatory changes within the lungs. We also evaluated pulmonary mRNA expression of several genes that may contribute to AHR and are altered in lungs of obese mice. Ϫ/Ϫ mice were used. In the first, mice were anesthetized and instrumented for the measurement of pulmonary mechanics and airway responsiveness to intravenous methacholine followed by bronchoalveolar lavage (BAL). In the second cohort, mice were euthanized with an overdose of anesthetic. Blood was collected by cardiac puncture, and serum was generated.
METHODS

Animals
Pulmonary mechanics and airway responsiveness. Mice were anesthetized with pentobarbital sodium (50 mg/kg) and xylazine (7 mg/kg). The trachea was cannulated with a tubing adaptor, and the tail vein was also cannulated for the delivery of acetyl-␤-methylcholine chloride (methacholine). The mice were ventilated using a specialized ventilator (flexiVent, SCIREQ, Montreal, Canada), as previously described (30) . Once ventilation was established, the chest wall was opened bilaterally to expose the lungs to atmospheric pressure and thus exclude any chest wall contributions to pulmonary mechanics. A positive end-expiratory pressure (PEEP) of 3 cmH 2O was applied by placing the expiratory line under water. The tail vein was cannulated for the delivery of methacholine. The lungs were first inflated to three times tidal volume (VT) to standardize volume history. The static elastance (E stat) of the lungs was then assessed from the deflation limb of quasistatic pressure volume curves as previously described (29) . Finally, baseline pulmonary mechanics and responses to intravenous methacholine were measured using the forced oscillation technique, as previously described (29, 30) . Briefly, 1 min after an inflation to three times VT, mice were given a 1 l/g bolus of PBS. Pulmonary resistance (RL) was measured every eighth breath for the next 1-2 min until RL peaked. At that point, a forcing function containing frequencies ranging from 0.25 to 19.63 Hz was applied by the ventilator, and lung impedance was measured and used to obtain Newtonian resistance (Rn), which largely reflects the conducting airways and the coefficients of lung tissue damping (G) and lung tissue elastance (H), which reflect changes in the small airways and lung tissue, as previously described (29, 30) . The procedure was repeated using increasing doses of methacholine chloride dissolved in PBS increasing in half-log intervals from 0.03 to 1.0 mg/ml at a dose of 1 l/g, with 5 min between doses of methacholine.
BAL. The lungs were lavaged, and total cell numbers and differentials were assessed as previously described (30) . Lavage supernatants were frozen at Ϫ80°C until analyzed for sTNFR1 by ELISA. Serum was isolated and stored at Ϫ20°C until assayed for TNF-␣, leptin, sTNFR1, and sTNFR2 by ELISA. Sources of ELISA assays were as follows: EBioscience (San Diego, CA) for TNF-␣ and R&D systems (Minneapolis, MN) for sTNFR1, sTNFR2, and leptin. In addition, serum and BAL were analyzed by Bioplex assay for 35 different cytokines, chemokines, and growth factors (Eve Technologies, Calgary, Alberta, Canada).
RNA extraction and real-time PCR. RNA was extracted from lungs and cDNA was generated as previously described (70) . TrkB, endothelin-1, fractalkine, adipsin, and IL-17 mRNA expression were quantified by real-time PCR (7300 Real-Time PCR Systems, Applied Biosystems) using SYBR-green detection. The delta Ct (⌬Ct) was obtained by subtracting from the gene of interest, the Ct values for a housekeeping gene, 18S. Primers have been previously described (34, 84) . Changes in mRNA were expressed relative to values from the WT mice to obtain ⌬⌬Ct values. Expression was calculated by the ⌬⌬Ct method (47) .
Statistics. Differences in BAL and serum moieties and gene expression were assessed by factorial ANOVA using Cpe genotype and TNFR1 genotype as main effects. Effects on airway responsiveness were assessed using repeated-measures ANOVA. The Fisher Least Significant Difference test was used for post hoc comparisons. Serum eotaxin, G-CSF, IL-6, IL-13, IP-10, KC, MCP-1, and MIG as well as BAL eotaxin, IFN-␥, and MIG were log transformed before statistical analysis to conform to a normal distribution. BAL G-CSF, IL-10, and MIP-2 were not normally distributed even after log transformation. For these outcomes, we used a Mann-Whitney U-test to assess the overall effect of Cpe genotype and TNFR1 genotype, and a Kruskal Wallis test to assess differences within the four groups. In the case of results from the Bioplex assay, samples below the limit of detection of the assay were assigned a value of 0. Statistical analyses were carried out using SAS software (SAS Institute, Cary, NC). Results presented are means Ϯ SE unless otherwise indicated. P Ͻ 0.05 was considered statistically significant.
RESULTS
Body weight. Factorial ANOVA indicated a significant (P Ͻ 0.001) effect of Cpe genotype on body weight, whereas TNFR1 genotype had no effect. Cpe fat mice, whether TNFR1 deficient or not, weighed approximately twice as much as controls ( Fig. 1) .
Pulmonary mechanics and airway responsiveness. E stat was ϳ30% higher in Cpe fat vs. WT mice (17.6 Ϯ 0.3 vs. 13.6 Ϯ 0.4 cmH 2 O/ml), consistent with previous observations (29), but there was no effect of TNFR1 genotype on E stat (17.8 Ϯ 0.6 (Fig. 2A) . Surprisingly, airway responsiveness was significantly greater in Cpe fat /TNFR1
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Ϫ/Ϫ than in Cpe fat mice. In contrast, airway responsiveness was not different in lean TNFR1 Ϫ/Ϫ vs. WT mice, except at the highest concentration of methacholine. Essentially similar results were obtained for Rn (Fig. 2B) . In contrast, much more modest changes in G occurred following methacholine (Fig. 2C ). For G, there was an effect of obesity at the highest concentration of methacholine for both Cpe fat /TNFR1
Ϫ/Ϫ and Cpe fat mice, but there was no difference between these two genotypes. For H, there was an effect of obesity on the baseline values, consistent with the changes in E stat , but methacholine had virtually no effect on H (Fig. 2D) . The results are consistent with the airways rather than the lung tissue being the primary locus of the Cpe fat /TNFR1 interaction. Pulmonary inflammation. Neither obesity nor TNFR1 genotype had any effect on the inflammatory cell populations recovered from BAL fluid ( Table 1 ). In TNFR1-sufficient mice, there were obesity-related increases in BAL fluid eotaxin, IL-9, IP-10, KC, MIG, and VEGF (Fig. 3) . These factors were also significantly elevated in TNFR1 impact airway responsiveness either directly (5, 41, 61, 74) or indirectly (40) . Moreover, reductions in obesity-related AHR in TNFR2
Ϫ/Ϫ mice were associated with reductions in obesityrelated elevations in both trkB and endothelin. To determine whether TNFR1 deficiency impacted the expression of these genes, we performed RT-PCR on RNA generated from lungs of WT, TNFR1 Ϫ/Ϫ mice (Fig. 4) . Consistent with our previous observations, TrkB and endothelin mRNA expression were increased, whereas adipsin and fractalkine expression were decreased in Cpe fat vs. WT mice, although the increase in endothelin did not reach statistical significance (Fig. 4B) . Notably, TNFR1 deficiency caused a significant attenuation of the effects of obesity on expression of these genes. TrkB expression was significantly reduced in Cpe fat /TNFR1 Ϫ/Ϫ vs. Cpe fat mice (Fig. 4A) , and obesity-related reductions in adipsin and fractalkine expression were reduced or abolished in TNFR1 Ϫ/Ϫ mice (Fig. 4, C and D) . The results indicate that obesity-related changes in the pulmonary expression of these genes is dependent on TNF-␣ acting at least in part through TNFR1.
Because of increasing evidence of a role for IL-17 in AHR (39), we also examined IL-17 mRNA expression in the lung tissue of these mice. Although we did not observe any significant effect of obesity on IL-17 expression, there was a marked and significant increase in IL-17 mRNA expression in TNFR1-deficient mice regardless of whether or not they were obese (Fig. 4E) . Systemic inflammation. We have previously postulated that the innate AHR that characterizes obese mice is related to low-grade systemic inflammation that exists in the obese state (29, 30) . Therefore, we assessed the effect of attenuating TNFR1 signaling on this systemic inflammation. Compared with WT controls, serum TNF-␣ was significantly increased in the obese mice (Fig. 5A ), but there was no effect of TNFR1 genotype on serum TNF-␣. Bioplex assay also confirmed increases in serum TNF-␣ in the obese mice, regardless of TNFR1 genotype (Fig. 6 ). Blood leukocytes, and serum concentrations of leptin and sTNFR1 were also elevated in obese mice (Fig. 5, B and D) , but we observed no significant effect of TNFR1 genotype on any of these markers of systemic inflammation (except for sTNFR1, which was reduced to background levels in the TNFR1-deficient mice). Factorial ANOVA indicated a significant effect of obesity on serum G-CSF, IL-5, IL-6, IL-15, IP-10, KC, MCP-1, and TNF-␣, and a significant effect of TNFR1 deficiency on serum IP-10 and IL-15 (Fig. 6 ). TNFR1 deficiency resulted in a significant reduction in serum IP-10 in lean mice and a significant overall increase in serum IL-15 (P Ͻ 0.02) when lean and obese mice were considered together.
DISCUSSION
We have previously reported that obese mice have hyperresponsive airways (28 -31, 48, 68, 71, 84) . We now report that TNFR1 deficiency exacerbates this innate AHR (Fig. 2) , suggesting that the TNFR1 receptor plays a protective role in these mice. We also report obesity-and TNFR1-related elevations in inflammatory mediators that may contribute to obesity-related AHR (Table 1; Fig. 3) . Surprisingly, given the importance of TNFR1 for TNF-␣-mediated inflammation (50, 55) , TNFR1 was, if anything, protective against obesity-related inflammation.
Compared with WT mice, obese Cpe fat mice exhibited AHR, consistent with previous reports using these mice (29, 30, 84) and other types of obese mice (28, 31, 48, 68) . Acute exogenous administration of TNF-␣ has been shown to increase airway responsiveness (37, 73) . TNF-␣ also has been shown to act directly on airway smooth muscle, increasing its contractility (11) . Furthermore, other obesity-related conditions are ameliorated in obese mice lacking TNF-␣ or TNF receptors (7, 17, 45, 57, 79, 80) . Consequently, we examined the hypothesis that obesity-related elevations in TNF-␣ might be contributing to obesity-related AHR. We examined obese mice deficient in TNFR1 because others have shown that the insulin resistance, the enhanced hepatic tumorigenesis, and the hepatic steatosis of obesity are mediated by TNF-␣ acting via TNFR1 (57, 79) . In addition, TNF-␣-induced increases in airway smooth muscle contractility are mediated via TNFR1 (2, 11) . Many of the pro-inflammatory effects of TNF-␣ are also mediated predominantly via TNFR1 (50, 55, 58, 81) . However, instead of reducing airway responsiveness, TNFR1 deficiency further elevated airway responsiveness in Cpe fat mice (Fig. 2) . This increase in airway responsiveness was not the result of greater obesity in the Cpe fat /TNFR1 Ϫ/Ϫ mice, since body weight was virtually identical in the two strains (Fig. 1) . Although obesity did alter the elastic properties of the lung, which could impact airway responsiveness, the augmented responsiveness in Cpe fat / TNFR1 Ϫ/Ϫ mice was not the result of such differences, since E stat was the same in Cpe fat and Cpe fat /TNFR1 Ϫ/Ϫ mice. Previous data from our laboratory indicate that obesity-related increases in E stat are likely the result of smaller lung size in these mice (84) .
There are three possible explanations for increased airway responsiveness in Cpe fat /TNFR1 Ϫ/Ϫ vs. Cpe fat mice (Fig. 2) . First, in obese mice, sustained, albeit small, elevations in circulating TNF-␣ (Figs. 5 and 6) , acting via TNFR1, may exert effects that are protective against obesity-related AHR. Other protective roles for TNF-␣ have been reported in murine disease models. For example, TNF-␣ protects against skin lesions in a model of psoriasis (49) , against nephritis in a lupus model (26) , and against insulitis in a Type 1 diabetes model (25) . Some investigators (32, 63) have also reported a role for TNF-␣ in protection against allergen-induced AHR, although others (13, 36, 51, 53, 54) have shown that blocking TNF-␣ attenuates allergen-induced AHR. Chronic administration of TNF-␣ attenuates T-cell receptor signaling, and others have suggested that this may account for the ability of TNF-␣ to suppress pathogenesis in T-cell-dependent conditions, such as those described above (16) . Indeed, chronic elevations in TNF-␣, such as those that occur in obesity, may have differing effects on TNF-␣ signaling outcomes (i.e., apoptosis vs. NF-B activation) rather than acute elevations in TNF-␣ (14) .
Second, the absence of TNFR1 signaling may alter the profile of bacteria species that comprise the intestinal flora. Recent reports indicate that, in mice, commensal bacteria can alter both the complement of T-cell subsets present in the lungs and the induction of allergen-induced AHR (23, 56) . There is also evidence of alterations in the gut microbiome in obesity (76, 77) .
Finally, we have previously reported that obese mice lacking TNFR2 fail to develop AHR (84) , and it may be that TNFR2 is exclusively required for effects of TNF-␣ on obesity-related AHR. Consistent with this hypothesis, we have previously reported that TNFR2 but not TNFR1 is required for ozoneinduced AHR in lean mice (69) . Although, at first glance, one would expect no effect of TNFR1 deficiency on AHR under such circumstances, it is important to note that sTNFR1 was elevated both in serum and BAL of Cpe fat mice, consistent with previous reports in these mice as well as in other types of obese mice (42, 48, 67) . sTNFR1 is the extracellular domain of the TNFR1. It is released by proteolytic cleavage from the cell surface and can neutralize TNF-␣, limiting TNF-␣ effects (22, 78, 87) . Thus obesity-related elevations in sTNFR1 may serve to neutralize TNF-␣, preventing it from acting on TNFR2. Such a hypothesis is consistent with the observation that, when TNFR1 (and consequently sTNFR1) was deleted, airway responsiveness increased in obese mice (Fig. 2) . Such TNF-␣ neutralizing effects of obesity-related elevations in sTNFR1 might be expected to result in increased BAL and/or serum concentrations of TNF-␣ in obese TNFR1-deficient vs. -sufficient mice, which was not observed (Figs. 3 and 6 ). However, these assays assess soluble TNF-␣. Interactions of TNFR2 with membrane-bound TNF-␣ (the primary form of TNF-␣ recognized by this receptor) might still be inhibited by increased sTNFR1.
Because we previously reported that the attenuated AHR in Cpe fat /TNFR2 Ϫ/Ϫ vs. Cpe fat mice was associated with differences in pulmonary inflammation and gene expression (84), we assessed BAL cells, a panel of cytokines, chemokines, and growth factors, and also examined expression of relevant pulmonary genes in these TNFR1 Ϫ/Ϫ mice. We sought to determine whether there were effects of TNFR1 deficiency that might be contributing to the enhanced AHR observed in Cpe fat /TNFR1 Ϫ/Ϫ mice. BAL concentrations of many cytokines and chemokines were higher in obese than in lean mice (Fig. 3) , and in some cases significant obesity-related changes were only observed in the TNFR1-deficient mice. Notably, BAL IL-13 was significantly elevated in obese vs. lean TNFR1-deficient but not TNFR1-sufficient mice (Fig. 3) . IL-13 has been implicated in AHR induced by a variety of other stimuli, including allergen, viral infection, and ozone (24, 59, 85, 86) . Although BAL IL-17A was below the limit of detection of the Bioplex assay in most samples, pulmonary IL-17A mRNA expression was also increased by TNFR1 deficiency, regardless of whether the mice were obese or lean (Fig. 4E) . IL-17A acts alone to promote AHR by direct effects on airway smooth muscle contractility (39), but IL-17A also synergizes with IL-13 to promote AHR by augmenting IL-13-dependent signaling (40) . Hence, it is possible that IL-17A and IL-13 contribute to the augmented AHR observed in Cpe fat / TNFR1 Ϫ/Ϫ vs. Cpe fat mice, although further experiments are required to assess the roles of these cytokines.
Although we observed obesity-related elevations of BAL concentrations of chemokines such as KC and eotaxin that have the capacity to recruit neutrophils and eosinophils, we did not observe any increase in BAL neutrophils in obese vs. lean mice (Table 1) , and eosinophils were not observed. We have previously reported reduced expression of the adhesion molecule VCAM in lungs of obese vs. lean mice (84) , and it is possible that such changes limit recruitment of leukocytes into the lungs despite increases in BAL chemotactic factors.
Because obesity-related increases in both airway responsiveness and TrkB expression were attenuated in Cpe fat mice lacking TNFR2 (84) , and because signaling through TrkB can lead to AHR (5, 8), we previously suggested that obesityrelated increases in pulmonary TrkB expression might be contributing to obesity-related AHR. Our present results do not support this hypothesis: obesity-related increases in TrkB were reduced in both TNFR1- (Fig. 4A) and TNFR2 (84)-deficient mice, indicating that TNF-␣ has an important role in obesityrelated changes in the expression of this gene. However, TNFR1 and TNFR2 deficiency had opposing effects on AHR in Cpe fat mice ( Fig. 2; Ref. 84 ). We also observed reduced fractalkine and adipsin mRNA expression in lungs of Cpe fat vs. WT mice consistent with previous observations (84) , and TNFR1 deficiency significantly attenuated these obesity-dependent effects (Fig. 4) .
TNF-␣ induces expression of numerous adipocyte genes, including many of the cytokines and chemokines that are elevated in the serum in obesity (10) . Hence, we considered the possibility that the observed effects of TNFR1 deficiency on (29, 30, 67, 84) and extend them now to include IL-5, IL-15, IP-10, and MIP-1␣. Of the various factors examined in serum of obese mice, only IL-15 was significantly affected by TNFR1 deficiency in obese mice (Fig. 6) , suggesting that signaling through TNFR1 does not have a major impact on the systemic inflammation of obesity. We were surprised to observe an increase in IL-15 in serum of obese vs. lean mice (Fig. 6.) , since others have reported reduced rather than elevated IL-15 in serum of obese human subjects (3). It is conceivable that absence of Cpe rather than obesity per se accounts for our observations, although adipose tissue is capable of IL-15 expression under certain conditions (1) . It is unclear whether augmented serum IL-15 in TNFR1 Ϫ/Ϫ mice ( Fig. 5) could account for the augmented AHR observed in Cpe fat /TNFR1 Ϫ/Ϫ mice (Fig. 2) . However, IL-15 does promote ␥␦ T cells (62) , and others have reported roles for these cells in regulating AHR, particularly in the context of TNF-␣ (27) . ␥␦ T cells constitute an important source of IL-17A both in the adipose tissue (89) and in the lungs (34) .
In summary, our results indicate that TNFR1 is protective against the airway hyperresponsiveness associated with obesity, although it remains to be determined whether it is sTNFR1 or TNFR1 itself that mediates these effects. Although studies with mice may not necessarily be translatable to human subjects, our data showing augmented AHR in obese TNFR1 deficient mice but reduced AHR in obese TNFR2-deficient mice (84) suggest potentially complex effects of currently available pan-TNF-blocking strategies in obesity-related asthma.
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